Comparative studies of free ribosomal RNA and ribosomes were made with two probes, Mg ions and ethidium bromide, which interact with RNA in different ways. Mg* + . E.coli 16 S rRNA and 30 S ribosomes were equilibrated with four different buffers. Equilibration required several days at 4° and several hours at 37°. In all buffers ribosomes bound more Mg than free rRNA, the difference sometimes reaching 20-30%. Ribosomes were more resistant than free rRNA to heat denaturation and their denaturation was more highly cooperative. Ribosomes that bound more Mg + * had higher denaturation temperatures. Ethidium bromide. Fluorescence enhancement studies of ethidium intercalation showed the free 16 S rRNA to have 50-80 binding sites per molecule. A large fraction of these sites were present and accessible in the ribosome, but their ethidium-binding constants were reduced by an order of magnitude. In addition, free rRNA contained a small number of very strong binding sites that were virtually absent in the ribosomes.
INTRODUCTION
In our investigations of the ribosome, we envisage it as a complex whose flexible conformation is formed and stabilized by the mutual interactions among its components, which include not only RNA and proteins but also specific monovalent and bivalent cations (1) . The formation of the ribosomal structure requires that the macromolecular components have appropriate conformations, as shown by the recent demonstration that the method of preparation of ribosomal RNA influences its ability to interact with proteins during ribosome reconstitution (2) . Further, it is known that the functional conformation of the total ribosome is maintained by a finely tuned complex of macromolecular interactions in which the cations play a decisive role (1, (3) (4) (5) .
Thus, certain changes in the ionic environment which do not change overall structural properties of the ribosome (£.£., ultraviolet absorption spectrum, circular dichroism spectrum) do nevertheless change something in the detailed conformation of component macromolecules, with drastic effects on functional activity (3) (4) (5) .
The use of specific probes is one of the few methods adequate for studying the conformation of a inacromolecule both when it is free and when it is part of a larger complex; and comparison of the two states can yield information on how its conformation is influenced by neighboring components in the complex. The present communication deals with the 16 S rRNA of the E.coli 30 S ribosome. We have employed two characteristic probes for RNA:
Mg ++ ions and ethidium bromide. Mg ++ ions are known to stabilize the conformation of RNA in solution, and are required for ribosomal activity. Ethidium ions become intercalated into base-paired and stacked regions of nucleic acid (6) (7) (8) , and the resulting enhancement of ethidium fluorescence is evidence of the presence of such regions. The behavior of free 16 S rRNA and 30 S ribosomes has been compared in four different buffers, and we describe several changes that take place in the behavior of the RNA when it is incorporated into the ribosome.
MATERIALS AND METHODS

Buffers
Buffers are designated as MTK a-b-c. M=magnesium acetate, T=tris or tricine (pH 7.6-7.8), and K=potassium acetate; and a,b and c are their respective millimolar concentrations. MTK 1-10-20 is 1 mM magnesium acetate -10 mM tricine (or tris) -20 mM potassium acetate; MTK 1-10-100 is the same but with 100 mM potassium acetate; etc. In certain cases, specified in the text,the buffers also contained 2 mM dithiothreitol or 6 mM B-mercaptoethanol.
Ribosomes and RNA 30 S ribosomal subunits were isolated from E.coli MRE 600 as described previously (9) , except that they were sometimes recovered from the prepara- Equilibration of ribosomes and RNA with buffers
One ml or less of 16 S RNA or 30 S ribosomes, approximately either 5 or 10 mg/ml in MTK 1-10-20, were dialyzed against about 300 ml of buffer in a glass vessel on a rocking platform shaker. Dialysis was carried out for at least 3 days in a cold room at about 4° or for at least 5 hours at 37°.
The outside dialysis fluid was changed 2 or 3 times during the process.
When RNA and ribosomes were to be compared in the same buffer, they were dialyzed in the same vessel. Dialysis tubing was boiled in 0.01 M EDTA and in distilled water, and was thoroughly washed with distilled water before use. Other procedures Sedimentation analyses were carried out in a Beckman Model E analytical ultracentrifuge at 20° and 52,000 revs/min at a ribosome concentration of 2-3 mg/ml, using Schlieren optics.
Phenylalanyl-tRNA binding activity was assayed essentially as described 14 before (4) 
Binding of Mg ions
After equilibration, the amount of Mg bound by ribosomes and free RNA was determined as described in Materials and Methods. The results are shown in Table 1 . The amount of Mg bound varied with the buffer, the major correlation being with the Mg/K ratio of the buffer. In general, ribosomes bound more Mg than did free RNA, the difference sometimes reaching 20-30%. 
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Ribs./RNA At room temperature the absorbance at 260 nm of ribosomes and rRNA was the same and was not significantly affected by the equilibration buffer ( Table 2 ), indicating that they have the same amount of secondary structure under these conditions, but not necessarily implying that the structures are identical. Fig. 1 . illustrates the thermal denaturation patterns observed when the temperature was raised. The same general pattern was found in each of the four buffers ( Fig. 1 a -d ) . Compared with free rRNA, ribosome denaturation began at a higher temperature but, once started, proceeded more rapidly. That is, the ribosomes were more resistant to heat denaturation and their initial denaturation was more highly cooperative. This effect is clearly due to the proteins.
In addition, however, ribosomal heat stability was markedly affected by bound Mg . This is seen most clearly in Fig. 1 , which compares the heat denaturation curves of ribosomes equilibrated against each of the four buffers. The curves fall into two distinctly separate groups, a low stability group and a high stability group. The buffers conferring high heat- (20) e (P) 260: Absorbance of a solution 1 M in nucleotides. Hyperchromic effect: Per cent increase in absorbance after total alkaline hydrolysis to mononucleotides. Results: Mean + standard error (number of determinations). The differences between ribosomes and RNA are not significant. (Table 1) . Thus, the heat-stability of the ribosome is determined not by the external ionic environment but, rather, by the amount of Mg actually bound by the ribosome. This clear effect was not seen with the free rRNA ( Fig. 1 e) , where the differences were less striking and appear to have been correlated to a large extent with the Mg concentra- ribosome, the messenger RNA-directed ability to bind aminoacyl-tRNA. Table 3 shows the results of a representative experiment; several other experiments gave similar patterns. Ribosomes initially dissolved in MTK 1-10-20 were either allowed to equilibrate for three days in the cold Table 3 . with MTK 7-10-300 or MTK 20-10-300, or else were diluted into these buffers about an hour before the assay, in which case they did not come to equilibrium with the new buffer. Although the assay medium and conditions were the same for both, the pre-equilibrated ribosomes were more active. When the usual heat treatment, 30 min at 40°, was applied, there was a further increase in activity. It will be recalled that ribosomes in these two buffers bind more Mg ++ when equilibrated at 37° than at 4° ( Table 1 ). The conformation of the ribosomes equilibrated at 37 therefore not only bound more Mg than that equilibrated at 4° but also was more active in the assay employed.
The 30-minute heat treatment was apparently too short to allow full equilibration at 40° since this requires several hours (see above), and this probably explains why the non-equilibrated ribosomes did not overtake the equilibrated ones during the heat treatment. Ribosomes equilibrated in MTK 1-10-20 were not made more active by the heat treatment (Table 3) ; neither did they bind more Mg^ at 37° than at 4° (Table 1 ).
In general, the results indicate that activity assays may not express the true capacity for activity of ribosomes in a given medium unless the ribosomes have been allowed to come to equilibrium with the medium. As Since ribosomal RNA appears to have the same amount of base-paired and stacked structure whether free in solution or in the ribosome, it would have the same number of potential ethidium-binding sites in both states.
However, this binding potential is depressed in the ribosome with respect to both the number of sites and, especially, their binding constants. This must be due to the presence of the proteins and their effect, reinforced by bound Mg , in folding the RNA into the more compact configuration demanded by the structure of the ribosome. It is known that ribosomal proteins displace ethidium from rRNA (42) . In addition, the greater crowding together of different parts of the rRNA chain may reduce access to binding sites.
Further, it is likely that the geometry of ethidium-binding regions is altered, when the rRNA is packed into the ribosome, to a geometry that is less perfectly adapted to binding the ligand. Also, when a molecule of ethidium is intercalated into a stack of bases or base-pairs, the stack becomes longer and twists (8) ; RNA in the ribosome is known to have a more stable conformation than free rRNA and would resist this deformation more strongly. Differences in bound Mg ++ in the four equilibration buffers did not seem to influence ethidium binding significantly; at least, it is difficult to find a meaningful correlation in the data of Table 4 . The effect of bound Mg in this instance appears to be a general one operating in all the buffers, where it reinforces the effect of the proteins in packing the rRNA into its more compact form in the ribosome.
A number of techniques used to study macromolecular conformation have not shown either quantitative or qualitative conformational differences between the compact ribosomal form of rRNA and its free form. The use of ethidium as a probe for this purpose has provided convincing evidence for configurational differences between the two forms.
CONCLUSION
Although the ribosomal RNA is folded into a more compact form when it interacts with the ribosomal proteins and is incorporated into the ribosome, it is generally accepted that the amount of secondary structure in the RNA does not change; and certain techniques sensitive to macromolecular conformation show no change. Our observations show that the two probes, Mg ++ ions and ethidium bromide, interact with rRNA differently when the RNA is in the ribosome than when it is free, and thereby indicate that details of the structure of the RNA are changed when it is incorporated into the ribosome.
